This work explores the n vs. iso isomerization effects on the physicochemical properties of different families of ionic liquids (ILs) with variable aromaticity and ring size. This study comprises the experimental measurements, in a wide temperature range, of the ILs' thermal behaviour, heat capacities, densities, refractive indices, surface tensions, and viscosities. The results here reported show that the presence of the iso-alkyl group leads to an increase of the temperature of the glass transition, T g . The isopyrrolidinium (5 atoms ring cation core) and iso-piperidinium (6 atoms ring cation core) ILs present a strong differentiation in the enthalpy and entropy of melting. Non-aromatic ILs have higher molar heat capacities due to the increase of the atomic contribution, whereas it was not found any significant differentiation between the n and iso-alkyl isomers. A small increase of the surface tension was observed for the non-aromatic ILs, which could be related to their higher cohesive energy of the bulk, while the lower surface entropy observed for the iso isomers indicates a structural resemblance between the IL bulk and surface. The significant differentiation between ILs with a 5 and 6 atoms ring cation in the n-alkyl series (where 5 atoms ring cations have higher surface entropy) is an indication of a more efficient arrangement of the non-polar region at the surface in ILs with smaller cation cores. The ILs constituted by nonaromatic piperidinium cation, and iso-alkyl isomers were found to be the most viscous among the studied ILs due to their higher energy barriers for shear stress.
Introduction
Most of the research on the structural property relationships of ionic liquids (ILs) is focus on the effect that major structural variations, such as alkyl side chain length, and the nature of anions and cations, have on their thermophysical properties [1e8] . The complexity and variety of ILs make the rationalization of these relationships hard, yet amenable, and a large number of approaches to predict the properties of ionic liquids has been proposed [8e16] . However, few studies highlight small structural variations on ILs, such as isomerization, or chemical nature differentiation (e.g. aromatic vs. aliphatic and ammonium vs. phosphonium) and their effect on the ILs thermophysical properties [17e30] . However, the understanding and development of structure-property relationships are important from both fundamental and applied standpoints. It allows a rationalization of the molecular level interactions and the development of heuristics and correlations that allow the design of ionic liquids for specific applications.
Previous studies suggested that the branching of the alkyl side chain not affect their density significantly, but when some cycle group (aromatic and non-aromatic) is present in the alkyl chain, the densities increase [20, 23, 26] . Regarding transport properties, such as viscosity, a small variation of the aliphatic side group may lead to substantial changes in their properties [23, 25] ;as the nanostructuration of ILs becomes highly affected a significant impact occurs in the shear stress of ILs. Aromatic ILs with branched and cyclic alkyl side chains were shown to have higher viscosities than their n-alkyl homologous [20, 23] . For different cyclic groups in the alkyl chain or the cation core, the viscosity is expected to be dependent on the size and structure of the cyclic group and in the magnitude of dispersive intermolecular interactions (van der Waals). The relatively high viscosity for these ILs compared with their n-alkyl homologous depends heavily on the reorientation motion on ILs. Maginn and co-workers [28] , based on the unpublished data by Xue et al. [31] , reported higher viscosities for branched aromatic ILs. According to the simulation study carried by the authors [28] these results were explained by a higher packing stability of the ion pairs in the liquid phase. In summary, the viscosity is highly affected by the specific shape and length of the ILs alkyl side chain.
There are few works concerning the thermal behaviour of isomeric ILs. Quitevis et al. [26] have shown that changing from aromatic to non-aromatic alkyl substituents has a significant effect on the thermal properties of ILs. Generally, ILs with aromatic and branched substituted cations show higher T g values than their aliphatic analogs, regardless of the anion [29] .
In this work, we investigated the structureÀproperty relationships regarding the effect of n-butyl versus iso-butyl substituents in aromatic (imidazolium and pyridinium) and non-aromatic (pyrrolidinium and piperidinium) cations of [NTf 2 ]
À -based ILs. These ILs were chosen in order to study the effect of a branched alkyl side chain on aromatic and aliphatic cations on several thermophysical properties, such as thermal behaviour, heat capacities, densities, refractive indices, surface tensions, and viscosities.
Experimental section

Materials and purification
All ILs were purchased from IoLiTec with the highest purity available. The ILs samples were maintained dried under vacuum (p < 0.1 Pa) at moderate temperature (323 K) and constant stirring up to the measurements, to remove traces of the most volatile impurities and moisture. The purity of each IL was checked by NMR spectroscopy ( 1 H and 13 C). For detailed NMR analysis, see Supporting Information. The water mass fraction contents were determined with a Metrohm 831 Karl Fischer coulometer, using the Hydranal-Coulomat AG ® from Riedel-de Ha€ en. Table 1 presents the list of the studied ILs, their abbreviation, molar masses, purity, and the water content while Fig. 1 provides a schematic representation of the ILs studied. The relative atomic masses used in this work were those recommended by the IUPAC Commission in 2007 [32] .
Thermal behaviour
Glass transition (temperatures and molar heat capacity change), enthalpies and entropies of melting of the ILs under study were measured in a power compensation differential scanning calorimeter, PERKIN ELMER model Pyris Diamond DSC, previously calibrated with some reference materials [33, 34] . The methodology adopted in the phase behaviour study is provided in the Supporting Information. The calibration and the ILs phase behaviour study were performed using the same experimental methodology to improve the resolution of the differential analysis of this study. The [C 6 [35] , [36] measured with adiabatic calorimetry.
Heat capacities
The ILs heat capacities at T ¼ 298.15 K were measured by a highprecision heat capacity drop calorimeter described in the literature [37e39]. The calorimeter was calibrated with water and sapphire (a-Al 2 O 3 ) [33] . The calibration constant was found to be ε ¼ (6.6040 ± 0.0036) W$V
À1
. The ampoules were weighted in a Mettler Toledo AG245 dual range analytical balance (sensitivity of 1 Â 10 À5 g and repeatability of 2 Â 10 À5 g) both empty and after filling with the ionic liquid. The accuracy and resolution of the apparatus for measurements of heat capacities of liquids and solids were previously evaluated using hexafluorobenzene, p-terphenyl, benzoic acid, and [C 6 C 1 im][NTf 2 ] [39] . All uncertainties are given as twice of the standard deviation of the average value and include the calibration uncertainty. The buoyancy effect correction was considered for both the calibration and ILs measurements.
Densities and viscosities
The density, r, and viscosity, h, of the pure ILs were measured using an automated SVM 3000 Anton Paar rotational Stabinger viscometer e densimeter. The apparatus was calibrated in the same experimental conditions of the ionic liquid measurements, using three standard calibration samples: APN7. 
Surface tension
The surface tension of each ionic liquid sample was determined by the analysis of the shape of a pendant drop and measured using a Dataphysics (model OCA-20) contact angle system. The temperature inside the aluminium chamber in which the surface tensions were determined was measured with a Pt100 within ±0.1 K (placed at a distance of approximately 20 mm from the liquid drop). After reaching a specific temperature inside the aluminium chamber, the measurements were carried out 40 min after, to guarantee thermal stabilization. Silica gel was kept inside the air chamber to maintain a dry environment. Drop volumes of 9 ± 0.5 mL were obtained using a Hamilton DS 500/GT syringe connected to a Teflon coated needle placed inside an aluminium air chamber able to maintain the temperature of interest within ± 0.1 K. 
Refractive indices
The refractive indices of ILs were measured at the sodium D-line using a Bellingham model RFM 340 refractometer (±3 Â 10 À5 stated precision), as a function of temperature. The refractometer features a presser with a seal ring made of fluoropolymer Kalrez ® which is closed over the sample on the sapphire prism. The presser incorporates a micro flow cell, which is used to introduce the sample into the refractometer, without opening the presser. The presser and the internal prism water jacket assembly is temperature controlled by an external bath through the presser hinge and integral channels in the presser arm. The temperature in the refractometer cell is controlled using an external thermostatic bath within a temperature fluctuation of ±5 Â 10 À3 K, measured with a resolution better than 1 Â 10 À3 K and an uncertainty within ±0.02 K. The apparatus was calibrated with degassed water (Millipore quality) and toluene (Spectranal, 99.9%). Samples were directly introduced into the flow cell (prism assembly) using a syringe; the flow cell was kept closed after sample injection. For each ionic liquid, at least, two independent experiments were performed and in each experiment, at least, three measurements were taken at each temperature. The refractive indices were measured with respect to air and no corrections were applied.
Results and discussion
Thermal behaviour
The experimental results concerning the thermal behaviour of the ILs investigated are summarized in Table 2 . Fig. 2 depicts the glass temperatures of the n and iso-butyl isomers. [iC 4 
could not form a glass, since it crystallizes in the cooling quenching process performed in this work. The thermograms and some experimental details are presented as Supporting Information. The nomenclature used in this paper section relatively to the phase transitions is follow described: s: solid; gs: glass-state; sl: supercooled-liquid; l: liquid. The enthalpies and entropies of melting were corrected to the reference temperature of T ¼ 298.15 K, according to equations (1) and (2), respectively: 
The glass and melting transition temperatures obtained for Table 2 , are in agreement with literature results [35, 36, 48, 49] . The reported overall uncertainties are twice the standard deviation of the average value. The uncertainties of the experimental results were assigned on the basis of the extended standard deviation of the experimental and the calibration results. The entropy, at T ¼ 298.15 K, of the transition was determined by equation (4) The results presented in Fig. 2 show a strong differentiation in the glass temperatures between n and iso-alkyl ILs. The iso-alkyl aromatic ILs (imidazolium-and pyridinium-based) have higher glass temperatures than their respective n-alkyl isomers, meaning a high relative glass stability, as discussed by Maginn and co-workers [28] for imidazolium-based ILs. The glass state resembles the freezing state of the isotropic liquid. Its relative stability is driven mostly by the size and the magnitude of the interactions in the bulk IL. The higher T g for the piperidinium-based ILs indicates higher conformational entropy relative to the pyrrolidinium and the 
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74 [e] [iC 4 remaining ILs formed by different cations (aromatic and nonaromatic). These results are consistent with the fact that piperidinium is a more flexible cation with a larger number of possible conformers. Additionally, these results can be associated with an additional increase of the absolute entropy of both glass and the liquid phases, leading to a lower heat capacity change (73 J$K À1 $mol À1 ) at the glass transition (which is an evidence of a smaller entropic differentiation between the glass and the supercooled liquid) and, as a consequence, to an increase of the glass temperature. Unlike observed for the aromatic ILs, no significant effect of the iso-alkyl on the glass transition was observed for nonaromatic ILs, mainly because the contribution of the dispersive interactions of the cation surpasses in magnitude any effect that the iso-alkyl may have in glass transition. The melting temperature of the iso-alkyl pyrrolidinium IL is higher than the n-alkyl isomer by about 13 K, as reported in Table 2 . This difference has an enthalpic contribution of 3 kJ$mol À1 but it is essentially entropically driven, indicating a lower conformation entropy of [iC 4 C 1 pyrr][NTf 2 ] in the liquid bulk. The observed difference of 15 K in the melting temperature between the iso-pyrrolidinium (5 atoms ring cation core) and isopiperidinium (6 atoms ring cation core) is strongly enthalpically driven.
Heat capacities
The molar,
, and vol- 
Densities
The experimental density data for the ILs as a function of temperature is presented in Table 4 . The density data (r) was further correlated with temperature (T) using a second order polynomial equation (5):
where a, b, and c are the coefficients obtained by the least square fitting method. The graphic representation of the logarithm of the density as a function of temperature is shown in Fig. 3 .
The isobaric thermal expansion coefficient, a p , which considers the volumetric changes with temperature, was using equation (6), derived from equation (5):
where, r is the density in kg m Fig. 4 (I) , reveals a differentiation between aromatic and nonaromatic ILs. Aromatic ILs are denser than the respective nonaromatic ILs due to the planarity of the aromatic moieties and aromatic interactions. There is, however, no significant difference between the n and iso isomers, in agreement with previous reports. [28] , except for the piperidinium cation isomers. Nevertheless, we found that n vs. iso differentiation in piperidinium Ils (around 10 kg$m À3 , less than 0.8%) is small and it is very difficult to find a non-speculative and reasonable explanation for that. The thermal expansion is also highly differentiated, within the uncertainty associated, with non-aromatic ILs presenting lower thermal expansion than the aromatic ones; yet, no significant differences are observed between the n and iso isomers.
Surface tension
Experimental results of surface tension, g (mN$m À1 ), at p ¼ 0.10 ± 0.01 MPa for the investigated ILs as a function of temperature are presented in Table 6 . The surface thermodynamic properties, namely surface entropy and surface enthalpy, were estimated using the quasi-linear dependence of the surface tension with temperature [57] . The surface entropy, S g ðTÞ, was determined according to equation (7), and the surface enthalpy, H g ðTÞ, was determined according to equation (8): 
where, g, stands for the surface tension and T for the temperature.
The values of the surface tensions and the thermodynamic functions, at T ¼ 330 K, of all bis[(trifluoromethyl)sulfonyl]imidebased ILs derived from the temperature dependence of the surface tension, g ¼ f ðTÞ, in combination with the associated deviations [58] , are presented in Table 7 . [59] . The surface tensions of ILs are ruled by the preferential orientation of the alkyl group to the surface. Different types of cations (with long alkyl chain) marginally influence the differentiation of the ILs surface tension, since their surface is very similar to alkanes. The slight increase of the surface tension from the aromatic to non-aromatic ring ILs should be related to the expected higher cohesive energy of the bulk in the non-aromatic fluids. The effect of the iso-alkyl chain on the surface tension seems to be different for 5 and 6 atom rings. While the former, the iso isomers, present a lower surface tension, the effect is negligible, or even opposite, for the latter. The lower surface entropy of the iso isomers is an indication of the high structural resemblance between the bulk and the surface. Again, here a significant differentiation is observed between ILs Table 4 Experimental results of density, r, at p ¼ 0.10 ± 0.01 MPa for the investigated ILs as a function of temperature. The expanded uncertainty, within 0.95 confidence level, for the density and temperature data are ± 0.2 kg$m À3 and ± 0.02 K respectively. The expanded uncertainty includes the calibration uncertainty. Table 5 List of fitted parameters (equation (5) with a 5 and 6 atoms ring cation cores in the n alkyl series with the former presenting higher surface entropy. This indicates a more efficient arrangement of the non-polar region at the surface for the smaller cation cores.
Refractive indices
The graphic representation of the refractive indices, as a function of the temperature for the studied ILs, is depicted in Fig. 8(I) . The experimental data is presented in Table 8 . The refractive indices of all studied ILs, at T ¼ 298.15 K, along with available literature values, and the derivative of the temperature dependence of the refractive index, vn D /vT are presented in Table 9 .
The plots of the refractive indices, at T ¼ 298.15 K, as a function of the total number of carbon atoms in the alkyl chains in the imidazolium cations, for the measured ILs, are shown in Fig. 8 (II) . The refractive indices obtained in this work are in good agreement with the available literature data, with relative deviations below 2%. Seki et al. [62] reported an experimental study of 17 ILs with different cations and anions, in the temperature range of 283.15e353.15 K. The authors [62] found that the refractive indices of pyridinium-based ILs are quite different from those of imidazolium and pyrrolidinium ILs. The refractive indices are barely dependent on the cation structure but are highly dependent on the anion. Our experimental results are consistent with the relations observed by Seki et al. [62] The higher refractive indices of the pyridinium-based ILs is related with the higher polarizability of the aromatic moieties in this aromatic ring.
Viscosities
The experimental viscosities for the ILs here studied are reported in Table 10 and represented in Fig. 9 . The experimental data was correlated using the Vogel-Tammann-Fulcher (VTF) model described in equation (9). . The dash-dot is a guide line with no physical meaning. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 6 Experimental results of surface tension, g (mN.m À1 ), at p ¼ 0.10 ± 0.01 MPa, for the investigated ILs as a function of temperature. The expanded uncertainty, within 0.95 confidence level, for the surface tension and temperature data are ± 0.3 mN$m À1 and ±0.1 K respectively. The expanded uncertainty includes the calibration uncertainty. The results presented here were fitted with a linear equation from the raw data.
Table 7
Values of the surface tension g (mN$m À1 ) at 330.0 K and p ¼ 0.10 ± 0.01 MPa, and surface thermodynamic functions,
31.6 ± 0. 
lnðh=mPa$sÞ
where h is the viscosity in mPa$s, T is the temperature in K, and A h , B h and C h are the fitting coefficients derived from experimental data. The energy barrier of the fluid to shear was evaluated based on the viscosity dependence with the temperature using equation (10):
where A h , B h and C h are the coefficients derived from the VTF equation (9), and the viscosity and the derived energy barrier, E, at T ¼ 323.15 K, are presented in Table 11 .
The viscosities of the studied compounds, h, at T ¼ 323.15 K, are depicted in Fig. 10 . The pre-exponential coefficient of the VTF equation, A h, and the energy barrier at T ¼ 323.15 K, E (T ¼ 323.15 K), as a function of the cation are represented in Fig. 11 . Fig. 10 shows a clear differentiation between the aromatic and non-aromatic ILs. In aromatic ILs, the iso-alkyl IL presents a higher viscosity than the n-alkyl while the opposite was observed for the non-aromatic ILs. A detailed analysis of the shear stress energetics of the viscosity, depicted in Fig. 11 , shows that the iso-alkyl aromatic ILs present a higher energy barrier, in line with the observed in the viscosity trend. For the non-aromatic ILs, the iso-alkyl group leads to a decrease in the energy barrier that is driving the Table 8 Experimental refractive indices at the sodium D-line, n D , for the studied ILs as a function of temperature T at p ¼ 0.10 ± 0.01 MPa. The expanded uncertainty, within 0.95 confidence level, for the surface tension and temperature data are ± 0.00005 and ± 0.1 K respectively. The expanded uncertainty includes the calibration uncertainty. The results presented here were fitted with a linear equation from the raw data. 1.44594 ± 0.00048 [l] 1.4460 ± 0.0007 [m] [iC 4 À2.87 ± 0.01 n.a.
[j] in the temperature interval, any value of n D , at a specific temperature, T, can be estimated using the following equation: decrease in the viscosity, when compared with the respective nalkyl isomers. As expected, the branching of the alkyl side chain increases the pre-exponential coefficient, A h for all compounds studied. The piperidinium-based ILs are the most viscous as a result of the higher energy barrier, which must be related to conformational features. The larger number of possible Table 10 Experimental viscosity results, h, at pº ¼ 0.10 ± 0.01 MPa for the studied ILs as a function of temperature. The magnitude of the experimental differentiation between the two independent set of viscosity data: ± [0.005 mPa s þ 0.001.(h/mPa s)]. Table 11 Fitted parameters of VTF equation for the viscosity data of the studied ILs, viscosity and the derived energy barrier at T ¼ 323.15 K and p ¼ 0.10 ± 0.01 MPa.
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[iC 4 conformations increases the cohesive interaction in the shear, thus increasing the viscosities.
Final remarks
The n vs. iso isomerization, aromaticity and ring cation core size effects on the physical-chemical properties of ionic liquids (ILs), such as thermal behaviour, heat capacities, densities, refractive indices, surface tensions and kinematic viscosities were explored in this work. From the temperature dependence of the experimental results, the thermal expansion coefficients, the thermal temperature dependence of the refractive index, entropies and enthalpies of surface formation and energy barrier to shear were derived. This study highlights that the incorporation of a branched alkyl chain in different types and sizes of aromatic and non-aromatic cations cannot be easily interpreted and generalized.
We found that the iso-alkyl group leads to an increase in the relative stability of the glass relative to the supercooled liquid, leading to higher T g . The heat capacity change of the glass transition enhances the absolute entropic differentiation between the glass and liquid states. The iso-pyrrolidinium (5 atoms ring cation core) and iso-piperidinium (6 atoms ring cation core) ILs present a strong differentiation in the enthalpy and entropy of melting.
Non-aromatic ILs present a higher molar heat capacity due to the increase of the atomic contribution. No significant differentiation on the isomerization n to iso-alkyl ILs was found in the heat capacities. The n to iso isomerization has no effect on the densities and thermal expansion; nevertheless, these properties are sensitive to the aromaticity of the cation core.
No n to iso differentiation and a very small increase (from the 5 to 6 ring cation core) in refractive indices was observed. The pyridinium cations derived ILs were those with the highest refractive indices which are related with the higher polarizability of the aromatic pyridinium ring. The temperature dependence of the refractive indices is in the range between e (2.9e3.2) Â 10 À4 K
À1
and seems to be related with the thermal expansion coefficients of each ILs. The small increase of the surface tension from the aromatic to the non-aromatic ILs was found to be related with the higher cohesive energy of the bulk in non-aromatic ILs and the slightly lower surface entropy of the iso isomers, an indication of a strong structural resemblance between the bulk and the IL surface. The significant differentiation between IL with 5 and 6 atoms ring cation cores in the n-alkyl series (5 atoms ring cation has higher surface entropy) is an indication of a more efficient arrangement of the non-polar region at the surface in the smaller cation core.
The non-aromatic piperidinium cation and the iso-alkyl isomers were found to be the most viscous among the studied ILs, due to their higher energy barrier which can also be related with conformational features. A larger number of possible conformations will increase the cohesive interaction on the shear.
